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We discuss how CP violation generating lepton number asymmetry can be related to CP violation in low energy.
1. Introduction
CP violation at low energy is observed in K
and B system. In the future neutrino oscillation
experiments , CP asymmetry of the neutrino os-
cillations P (νi → νj) 6= P (ν¯i → ν¯j) may be also
measured. Our question is how low energy CP vi-
olation measurements are related to CP violation
for Baryon number asymmetry. Fukugita and
Yanagida proposed a scenario for Baryon number
asymmetry based on the seesaw model.[1] In their
scenario, heavy Majorana neutrinos decays give
rise to lepton number asymmetry. The asym-
metry is converted into Baryon number through
spharelon process. [2] In this scenario, CP vio-
lating phases in the seesaw model contribute to
both CP violation at low energy and CP viola-
tion for lepton number asymmetry. However, this
correlation is not trivial. This is partly because
there are six independent CP violating phases in
the seesaw model and the low energy CP violat-
ing observables are just three phases of them. It
can be shown that three of the six CP violating
sources may contribute to the lepton number
asymmetry.[3] We can ask the following question.
If CP asymmetry of the neutrino oscillations
P (νi → νj) 6= P (ν¯i → ν¯j) is measured, what does
it mean about CP violation for leptogenesis. To
answer to this question, we must first identify the
number of the independent CP violating phases
and find which of them contributes to leptogene-
sis and to neutrino oscillations. The plan of my
talk is following. We first review the counting
of CP phases in the minimal seesaw model and
explicitly construct a parameterization. Then
we identify the phases in leptogenesis and CP
violation in low energy. Finally we give a specific
scenario in which both CP violating phenomena
has a correlation.
2. The number of independent CP violat-
ing phases in the minimal seesaw model
In the seesaw model, we have three sources
for lepton mass terms; namely, Charged Lep-
ton Yukawa couplings ml, neutrino Yukawa cou-
plings, mD and Majorana mass terms MR.
L = −[ν0LmDN
0
R +
1
2
N¯0R
c
MRN
0
R + lLmllR]. (1)
By using a suitable basis transformation, we can
choose the basis in which ml and MR are real
diagonal. In this basis all the CP violation is
included into Dirac Yukawa term mD. mD is
ng ×ng complex matrix, this contains ng
2 imagi-
nary part. We can still absorb ng phases. There-
fore we obtain ng
2 − ng independent CP violat-
ing phases. For ng = 3, we have six CP violation
phases. These six CP violating sources are identi-
fied in weak basis invariant way.[4] The weak basis
invariants are non-zero if CP is violated. The six
weak basis invariants are given as:
I1 = ImTr[hHMR
∗h∗MR],
I2 = ImTr[hH
2MR
∗h∗MR],
I3 = ImTr[hH
2MR
∗h∗MRH ],
I4 = ImTr[h¯HMR
∗h¯∗MR],
I5 = ImTr[h¯H
2MR
∗h¯∗MR],
2I6 = ImTr[h¯H
2MR
∗h¯∗MRH ]. (2)
where h = mD
†mD, H = MR
†MR,and h¯ =
mD
†mlml
†mD.
3. CP violating phases for leptogenesis
CP violation for leptogenesis was computed in
the base in which the heavy Majorana mass ma-
trix MR is real diagonal. The lepton number
asymmetry from the heavy Majorana particles
decay is proportional to the following combina-
tion.
Im[(mD
†mD)ij ]
2(i 6= j). (3)
This combination is independent of the left-
handed rotation; mD → gLmD. Therefore it is
convenient to use the following parametrization.
mD = UY∆, (4)
where U is a unitary matrix and Y∆ is a triangu-
lar matrix. The explicit parametrization for the
unitary matrix is given as:
U = U23(θ23
′)U13(θ13
′, δ′)U12(θ12
′)×
diag.(1, exp(iα′1), exp(iα
′
2)). (5)
The triangular matrix is given as;
Y∆ =


Y1 0 0
Y21 Y2 0
Y31 Y32 Y3

 .
(6)
Note that the diagonal elements Y1, Y2, and Y3
are real. We can easily confirm the decomposition
mD = UY∆ counts correctly the independent pa-
rameters ofmD. mD (after removing three diago-
nal phases from the left) has 6 imaginary param-
eters and 9 real parameters. Y∆ has 3 imaginary
parts and 6 real parts and U has 3 angles and 3
phases. Using the decomposition, we can write
the CP violation relevant for leptogenesis as,
Im[(mD
†mD)ij ]
2 = Im[(Y∆
†Y∆)ij ]
2, i 6= j. (7)
Therefore, CP violation phases for leptogenesis
are related to three phases, argYij in Y∆.
4. The correlation between CP violation at
low energy and leptogenesis
Now we turn to CP violation in neutrino oscil-
lation. The effective mass matrix for light Majo-
rana neutrinos in the seesaw model is given as;
meff = −mD
1
MR
mD
T = −UY∆
1
MR
Y∆
TUT . (8)
Here the MNS matrix [6] K is determined as:
−K†mD
1
MR
mD
TK∗ = d. (9)
where d = diag.(d1, d2, d3), where d1, d2 and
d3 correspond to the three mass eigenvalues
for light neutrinos. The low energy CP viola-
tion phases in K are one Kobayashi-Maskawa
type phase δ and two Majorana phases α1, α2.
Our question is to what extent the CP viola-
tion phases in K is sensitive to argYij which
contribute to the leptogenesis. In general, the
phases in K are complicated functions of all
of the six phases (δ′, α1
′, α2
′, arg(Y∆)ij). They
also depend on heavy Majorana masses MR =
diag.(M1,M2,M3) and |Yij |. To study the corre-
lation between the low energy phases in K and
phases for leptogenesis Y∆, let us examine the
equation for diagonalization of the effective Ma-
jorana mass matrix, meff = −mD
1
MR
mD
T .
−K†U(Y∆
1
MR
Y∆
T )UTK∗ = d (10)
We can see that, in general, K depends on the
Y∆. Next we ask in what kind of situation, the
correlation between a set of low energy phases
(δ, α1, α2) and CP violating phases for leptoge-
nesis (arg.Y21, arg.Y31, argY32) is weak and/or
strong. A key is the matrix Y∆
1
MR
Y T
∆
:


Y1
2
M1
Y1Y21
M1
Y1Y31
M1
Y1Y21
M1
Y2
2
M2
+ Y21
2
M1
Y21Y31
M1
+ Y2Y32
M2
Y1Y31
M1
Y21Y31
M1
+ Y2Y32
M2
Y3
2
M3
+ Y32
2
M2
+ Y31
2
M1

 .
(11)
A) The case that the correlation is weak.
If Y∆
1
MR
Y T
∆
are nearly diagonal, the neu-
trino mixings must be accounted by U .
Therefore, in this case,
K†U ∼ 1→ K ∼ U(αi
′, δ′). (12)
3Such situation may be realized if all Yij are
the same order and M1 >> M2 >> M3.
If this is the case, the correlation between
the low energy phase and CP violation for
leptogenesis may be weak.[3]
B) The case that the correlation is strong.
If U ≃ 1 and the elements of Y∆
1
M
Y T
∆
are nearly degenerate, we may except K
directly depends on the phases of Y∆.
The case study with hypothesis Y1 =
mu, Y2 = mc, Y3 = mt and U =
1 is done. See [8]. In this case,
all the other parameters |Y21|, |Y31|, |Y32|
M1,M2,M3 argY21, argY31, argY32 can be
determined from the low energy input
d1, d2, d3 (light neutrino masses) and MNS
matrix: θ12, θ13, θ23 and α1, α2, δ. It was
shown that the hierarchy M1 << M2 <<
M3 is required to obtain large mixing.
5. Conclusions
1. There are six independent CP violating
phases in the seesaw model. Among them,
three contribute to lepton number asymme-
try.
2. In the basis where MR and ml are real di-
agonal, all CP violating sources can be put
into Yukawa term mD.
3. A convenient parametrization of mD is pro-
posed: mD = UY∆. The phases in Y∆ ex-
hausts the CP violation for lepton number
asymmetry, while there are the other three
phases in U .
4. MNS matrix K is obtained from
−K†(UY∆
1
MR
Y T
∆
UT )K∗ = d. Therefore,
in general, the CP violating phases in K
are sensitive for leptogenesis.
5. The cases with the correlation and without
the correlation are discussed qualitatively.
In particular, the strong correlation occurs
if U = 1. In this case, all the CP violating
sources of the standard model come from
Y∆ and low energy CP violation of neu-
trino sector can be related to leptogenesis
phases. There are the other cases the cor-
relation does exist.[4]
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We discuss how CP violation generating lepton number asymmetry can be related to CP violation in low energy.
1. Introduction
CP violation at low energy is observed in K
and B system. In the future neutrino oscillation
experiments , CP asymmetry of the neutrino os-
cillations P (
i
! 
j
) 6= P ( 
i
! 
j
) may be also
measured. Our question is how low energy CP vi-
olation measurements are related to CP violation
for Baryon number asymmetry. Fukugita and
Yanagida proposed a scenario for Baryon num-
ber asymmetry based on the seesaw model.[1] In
their scenario, heavy Majorana neutrinos decays
give rise to lepton number asymmetry. The asym-
metry is converted into Baryon number through
spharelon process. [2] In this scenario, CP vio-
lating phases in the seesaw model contribute to
both CP violation at low energy and CP viola-
tion for lepton number asymmetry. However, this
correlation is not trivial. This is partly because
there are six independent CP violating phases in
the seesaw model and the low energy CP violat-
ing observables are just three phases of them. It
can be shown that three of the six CP violat-
ing sources may contribute to the lepton num-
ber asymmetry.[3] We can ask the following ques-
tion. If CP asymmetry of the neutrino oscillations
P (
i
! 
j
) 6= P ( 
i
! 
j
) is measured, what does
it mean about CP violation for leptogenesis. To
answer to this question, we must rst identify the
number of the independent CP violating phases
and nd which of them contributes to leptogene-
sis and to neutrino oscillations. The plan of my
talk is following. We rst review the counting of
CP phases in the minimal seesaw model and ex-
plicitly construct a parameterization. Then we
identify the phases in leptogenesis and CP vio-
lation in low energy. Finally we give a specic
scenario in which both CP violating phenomena
has a correlation.
2. The number of independent CP violat-
ing phases in the minimal seesaw model
In the seesaw model, we have three sources
for lepton mass terms; namely, Charged Lep-
ton Yukawa couplings m
l
, neutrino Yukawa cou-
plings, m
D
and Majorana mass terms M
R
.
L =  [
0
L
m
D
N
0
R
+
1
2

N
0
R
c
M
R
N
0
R
+ l
L
m
l
l
R
]: (1)
By using a suitable basis transformation, we can
choose the basis in which m
l
and M
R
are real
diagonal. In this basis all the CP violation is
included into Dirac Yukawa term m
D
. m
D
is
n
g
n
g
complex matrix, this contains n
g
2
imagi-
nary part. We can still absorb n
g
phases. There-
fore we obtain n
g
2
  n
g
independent CP violat-
ing phases. For n
g
= 3, we have six CP violation
phases. These six CP violating sources are identi-
ed in weak basis invariant way.[4] The weak basis
invariants are non-zero if CP is violated. The six
weak basis invariants are given as:
I
1
= ImTr[hHM
R

h

M
R
];
I
2
= ImTr[hH
2
M
R

h

M
R
];
I
3
= ImTr[hH
2
M
R

h

M
R
H ];
I
4
= ImTr[

hHM
R


h

M
R
];
I
5
= ImTr[

hH
2
M
R


h

M
R
];
2I
6
= ImTr[

hH
2
M
R


h

M
R
H ]: (2)
where h = m
D
y
m
D
, H = M
R
y
M
R
,and

h =
m
D
y
m
l
m
l
y
m
D
.
3. CP violating phases for leptogenesis
CP violation for leptogenesis was computed in
the base in which the heavy Majorana mass ma-
trix M
R
is real diagonal. The lepton number
asymmetry from the heavy Majorana particles
decay is proportional to the following combina-
tion.
Im[(m
D
y
m
D
)
ij
]
2
(i 6= j): (3)
This combination is independent of the left-
handed rotation; m
D
! g
L
m
D
. Therefore it is
convenient to use the following parametrization.
m
D
= UY

; (4)
where U is a unitary matrix and Y

is a triangu-
lar matrix. The explicit parametrization for the
unitary matrix is given as:
U = U
23
(
23
0
)U
13
(
13
0
; 
0
)U
12
(
12
0
)
diag:(1; exp(i
0
1
); exp(i
0
2
)): (5)
The triangular matrix is given as;
Y

=
0
@
Y
1
0 0
Y
21
Y
2
0
Y
31
Y
32
Y
3
1
A
:
(6)
Note that the diagonal elements Y
1
; Y
2
, and Y
3
are real. We can easily conrm the decomposition
m
D
= UY

counts correctly the independent pa-
rameters ofm
D
. m
D
(after removing three diago-
nal phases from the left) has 6 imaginary param-
eters and 9 real parameters. Y

has 3 imaginary
parts and 6 real parts and U has 3 angles and 3
phases. Using the decomposition, we can write
the CP violation relevant for leptogenesis as,
Im[(m
D
y
m
D
)
ij
]
2
= Im[(Y

y
Y

)
ij
]
2
; i 6= j: (7)
Therefore, CP violation phases for leptogenesis
are related to three phases, argY
ij
in Y

.
4. The correlation between CP violation at
low energy and leptogenesis
Now we turn to CP violation in neutrino oscil-
lation. The eective mass matrix for light Majo-
rana neutrinos in the seesaw model is given as;
m
eff
=  m
D
1
M
R
m
D
T
=  UY

1
M
R
Y

T
U
T
: (8)
Here the MNS matrix [6] K is determined as:
 K
y
m
D
1
M
R
m
D
T
K

= d: (9)
where d = diag:(d
1
; d
2
; d
3
), where d
1
; d
2
and
d
3
correspond to the three mass eigenvalues
for light neutrinos. The low energy CP viola-
tion phases in K are one Kobayashi-Maskawa
type phase  and two Majorana phases 
1
; 
2
.
Our question is to what extent the CP viola-
tion phases in K is sensitive to argY
ij
which
contribute to the leptogenesis. In general, the
phases in K are complicated functions of all
of the six phases (
0
; 
1
0
; 
2
0
; arg(Y

)
ij
). They
also depend on heavy Majorana masses M
R
=
diag:(M
1
;M
2
;M
3
) and jY
ij
j. To study the corre-
lation between the low energy phases in K and
phases for leptogenesis Y

, let us examine the
equation for diagonalization of the eective Ma-
jorana mass matrix, m
eff
=  m
D
1
M
R
m
D
T
.
 K
y
U(Y

1
M
R
Y

T
)U
T
K

= d (10)
We can see that, in general, K depends on the
Y

. Next we ask in what kind of situation, the
correlation between a set of low energy phases
(; 
1
; 
2
) and CP violating phases for leptoge-
nesis (arg:Y
21
; arg:Y
31
; argY
32
) is weak and/or
strong. A key is the matrix Y

1
M
R
Y
T

:
0
B
@
Y
1
2
M
1
Y
1
Y
21
M
1
Y
1
Y
31
M
1
Y
1
Y
21
M
1
Y
2
2
M
2
+
Y
21
2
M
1
Y
21
Y
31
M
1
+
Y
2
Y
32
M
2
Y
1
Y
31
M
1
Y
21
Y
31
M
1
+
Y
2
Y
32
M
2
Y
3
2
M
3
+
Y
32
2
M
2
+
Y
31
2
M
1
1
C
A
:
(11)
A) The case that the correlation is weak.
If Y

1
M
R
Y
T

are nearly diagonal, the neu-
trino mixings must be accounted by U .
Therefore, in this case,
K
y
U  1! K  U(
i
0
; 
0
): (12)
3Such situation may be realized if all Y
ij
are
the same order and M
1
>> M
2
>> M
3
.
If this is the case, the correlation between
the low energy phase and CP violation for
leptogenesis may be weak.[3]
B) The case that the correlation is strong.
If U ' 1 and the elements of Y

1
M
Y
T

are nearly degenerate, we may except K
directly depends on the phases of Y

.
The case study with hypothesis Y
1
=
m
u
; Y
2
= m
c
; Y
3
= m
t
and U =
1 is done. See [8]. In this case,
all the other parameters jY
21
j; jY
31
j; jY
32
j
M
1
;M
2
;M
3
argY
21
; argY
31
; argY
32
can be
determined from the low energy input
d
1
; d
2
; d
3
(light neutrino masses) and MNS
matrix: 
12
; 
13
; 
23
and 
1
; 
2
; . It was
shown that the hierarchy M
1
<< M
2
<<
M
3
is required to obtain large mixing.
5. Conclusions
1. There are six independent CP violating
phases in the seesaw model. Among them,
three contribute to lepton number asymme-
try.
2. In the basis where M
R
and m
l
are real di-
agonal, all CP violating sources can be put
into Yukawa term m
D
.
3. A convenient parametrization of m
D
is pro-
posed: m
D
= UY

. The phases in Y

ex-
hausts the CP violation for lepton number
asymmetry, while there are the other three
phases in U .
4. MNS matrix K is obtained from
 K
y
(UY

1
M
R
Y
T

U
T
)K

= d. Therefore,
in general, the CP violating phases in K
are sensitive for leptogenesis.
5. The cases with the correlation and without
the correlation are discussed qualitatively.
In particular, the strong correlation occurs
if U = 1. In this case, all the CP violating
sources of the standard model come from
Y

and low energy CP violation of neu-
trino sector can be related to leptogenesis
phases. There are the other cases the cor-
relation does exist.[4]
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